The GltS Na 1 /glutamate permease of Escherichia coli is the most extensively studied member of the ESS family of bacterial glutamate : Na 1 symporters. This paper presents the membrane topology analysis of the GltS with translational alkaline phosphatase and b-galactosidase gene fusions generated by TnphoA, nested deletions and targeted fusions. The topology model suggested by the translational fusion technique is compared with the MemGen model and discussed in detail.
Introduction
The GltS glutamate permease of Escherichia coli is a Na 1 -dependent, binding protein-independent system (Marcus & Halpern, 1967 , 1969 Schellenberg & Furlong, 1977) transporting L-glutamate, the essential peptidoglycan component D-glutamate (Booth et al., 1989; Deguchi et al., 1989) and the toxic amino acid analogs a-methyl-glutamate (Halpern & Umbarger, 1961) and homocysteate (Essenberg, 1984) . The GltS is an extremely hydrophobic integral membrane protein located in the cytoplasmic membrane (Kahane et al., 1975; Deguchi et al., 1989) .
The GltS of E. coli and closely related permeases of other bacteria are quite different phylogenetically from the other glutamate transporters, so they were classified as a separate group: the glutamate/Na 1 symporter family (ESS family; TC #2.A.27) (Reizer et al., 1994; Saier, 2000) . Although some aspects of the glutamate uptake are well characterized, little or no information is available about the regulation, uptake mechanism and exact physiological role of this protein and other members of the ESS family.
The GltS was previously predicted to contain 10 or 12 transmembrane segments (TMS) (Deguchi et al., 1990; Kálmán et al., 1991; Lolkema & Slotboom, 2003) . Recently, a cysteine accessibility study verified a model with 10 TMSs (Dobrowolski et al., 2007) . The present paper describes the membrane topology analysis of the GltS with translational alkaline phosphatase (PhoA) and b-galactosidase (LacZ) gene fusions to identify periplasmic and cytoplasmic loops, respectively. Based on the present results, a topology model of the permease was established. The slightly different models suggested by the two different experimental approaches are compared and discussed in detail.
Materials and methods
Media, strains, growth conditions, standard molecular biology methods and computer analysis All fusion constructs were tested in the E. coli strain CC118 [araD139 D(ara, leu)7697 DlacX74 phoAD20 galE galK thi rpsE rpoB argE (Am) recA1] (Manoil & Beckwith, 1985) . DH5a was used for molecular cloning purposes. LuriaBertani (LB) broth was used as the culture medium, except for alkaline phosphatase measurements, when Pi broth was applied.
All fine chemicals were purchased from Sigma. Pfu DNA polymerase was obtained from Promega, and restriction and modification enzymes from MBI-Fermentas. Media components were from Difco.
Standard molecular biology methods were performed according to Maniatis et al. (1982) or Current Protocols in Molecular Biology (Ausubel et al., 1994) .
The transmembrane topology was predicted using the softwares found on the Expasy server (http://www.expasy. org/tools/under 'Topology prediction'), the PONGO server (http://pongo.biocomp.unibo.it/pongo/) and the PredictProtein server (http://www.predictprotein.org). Homology searches were performed with the WU-Blast2 server (http:// www.ebi.ac.uk/blast2/).
Plasmid constructions
The multiple cloning site of pBC, SK( À ) (Stratagene, La Jolla, CA), was isolated as a BssHII-BssHII fragment, and ligated to MluI-cut pCP1(À) (Gál et al., 1999) . The orientation of the multiple cloning site was checked with ClaI digestion, and a clone in which the NotI site was proximal to the gltS gene was named pCP-NPX. The PstI-XhoI fragment of pPHO7 (Gutierrez & Devedjian, 1989) carrying 'phoA was ligated to pCP-NPX cut with the same enzymes, resulting in pGE1.
The ApaLI-SphI small fragment of pCP-NPX carrying a portion of the lacZ gene was deleted, yielding pCPII-NPX. The PstI-NcoI large fragment of pNM482 (Minton, 1984) was ligated to pCPII-NPX cut with the same enzymes, resulting in pGL2. The SmaI-NcoI large fragment of pNM482 was ligated to pCPII-NPX cut with the same enzymes, resulting in pGL3.
Construction and analysis of fusion clones

TnphoA mutagenesis
Escherichia coli CC118 harboring the gltS-expressing pCP1(À) plasmid (Gál et al., 1999) was infected with lTnphoA (Manoil & Beckwith, 1985) . After 2 h of incubation at 37 1C, the suspension of infected cells was diluted 35-fold with LB broth containing 300 mg mL À1 kanamycin and grown overnight to enrich for cells harboring TnphoA in multiple copies. Plasmid DNA was isolated from the overnight cultures, and transformed into plasmid-free CC118. The transformation mixture was plated on LB agar plates containing the chromogenic alkaline phosphatase substrate 5-bromo-4-chloro-3-indolyl phosphate (40 mg mL À1 ).
Nested deletions
Nested deletions (Henikoff, 1984) were carried out following the published protocol (Henikoff, 1987) ). Active LacZ fusion clones were identified on LB agar plates containing the chromogenic b-galactosidase substrate 5-bromo-4-chloro-3-indolyl b-D-galactopyranoside (40 mg mL
À1
).
Analysis of fusion clones
The fusion positions were mapped with PCR using AT473 5 0 -TTAATGTAAGTTAGCTCACTCAT-3 0 as the upstream primer and the respective sequencing primer as the downstream primer. The phoA fusion clones were sequenced with GJ7 5 0 -GCAGTAATATCGCCCTGAGCAG-3 0 , and lacZ fusion clones with GJ23 5 0 -CCTCTTCGCTATTACGCCAG-3 0 .
Targeted fusions
The targeted lacZ fusion clones were generated as follows: PCR products were amplified with AT473 as the upstream primer and specific downstream primers from the pCP1(À) template using Pfu DNA polymerase. The downstream primers were GJ25 5 0 -CCACCAGACCGAACGTTG CA-3 0 , GJ30 5 0 -CACGCCCACCGGCACGCAA-3 0 , GJ31 5 0 -CACGCTCAAAGACGCGGTA-3 0 and GJ32 5 0 -CATCG TAGTTTTTGCCCATCA-3 0 for the construction of fusions at R92, V170, R273 and D334, respectively. The products were cleaved with BcuI, and the appropriate fragments were ligated to pGL3 cut with BcuI and SmaI.
The phoA fusion clone at D334 was generated by ligating the BcuI large fragment of the AT473-GJ32 PCR product to pGE1 cleaved with BcuI and SmaI. The dispensable XhoISalI small fragment carrying a KpnI site was deleted, resulting in pGE2. The PhoA fusions at R92 and R273 were constructed using GJ33 5 0 -GTCAGGTACCCCACGCC CACCGGCACGCAA-3 0 and GJ34 5 0 -GTCAGGTACCC CACGCTCAAAGACGCGGTA-3 0 as downstream primers, respectively. The products were cut with BcuI and KpnI, and ligated to pGE2 cleaved with the same enzymes. All clones generated by targeted fusion were tested after transformation into CC118 cells.
Conversion of LacZ fusions to PhoA fusions
To acquire more data about the region between the predicted TMS5 and 6, the reporter was changed to PhoA in case of the LacZ fusion clones at W144 and A161. Both of the truncated gltS fragments were amplified in PCR reactions by Pfu polymerase, with the primers AT473 and GJ23 from the respective GltS-LacZ fusion coding plasmids. The purified fragments were cut by HindIII and the DNA ends were filled in with Klenow polymerase. After SpeI digestion and gel isolation, the appropriate gltS fragments were ligated to the SpeI-and SmaI-digested large pGE1 fragment.
Measurement of PhoA and LacZ activity
The alkaline phosphatase and b-galactosidase activities of the fusions were determined following conventional protocols using the p-nitrophenyl phosphate (Brickman & Beckwith, 1975 ) and the o-nitrophenyl b-D-galactopyranoside (Miller, 1972) substrates, respectively. The activity data shown in Tables 1 and 2 are averages of three independent measurements.
Immunodetection of fusion proteins
The expression of the LacZ and PhoA fusion proteins was monitored by Western blotting using the ab6646 and ab7319 horseradish peroxidase-conjugated polyclonal antibodies (Abcam), respectively. Whole-cell lysates were used for detecting both PhoA and LacZ fusions. Fresh cultures of CC118 cells (OD 600 nm = 0.45-0.8) harboring the plasmids carrying the fusion genes were centrifuged and resuspended in 1X sodium dodecylsulfate (SDS) sample buffer [1% SDS, 1% b-mercaptoethanol, 25 mM Tris-HCl (pH 6.8), 10% glycerol and 0.001% bromophenol blue]. The samples were incubated at 95 1C for 5 min to denature the proteins. Samples containing equal amounts of total protein were run on 6% SDS-polyacrylamide gels. Sample loading was adjusted by the measurement of total protein content with the Bradford method (Bradford, 1976) after sonication of cells. The proteins were electrophoretically transferred onto a polyvinylidene difluoride membrane (Immobilon-P Transfer Membranes, Millipore). The peroxidase activity was visualized by the chemiluminescent method [SuperSignal West Pico Chemiluminescent Substrate (Pierce) or Lumi-light Western Blotting Substrate (Roche)]. 
Results
TnphoA fusions
Plasmid pCP1(À) expressing the gltS gene (Gál et al., 1999) was mutagenized with TnphoA. The sites of transposon insertion with alkaline phosphatase activity were first mapped with PCR and then determined by sequencing. After 32 independent mutagenesis experiments, only seven different TnphoA fusions were identified, although almost all experiments yielded clones with high alkaline phosphatase activity. The majority of the fusions clustered in the first fifth of the gltS structural gene. According to the above, TnphoA has transposition hotspots in the gltS.
Fusion clones generated by nested deletion and targeted fusion
In pGE1, the gltS is followed by an alkaline phosphatase (phoA) structural gene lacking its start codon and signal sequence-encoding segment. In pGL2, a b-galactosidase (lacZ) structural gene lacking its first nine codons is located downstream of the gltS. Starting from pGE1 and pGL2, nested deletions were generated into the gltS, resulting in numerous fusion clones. After mapping the insertion positions with PCR, 26 lacZ and 18 phoA fusion clones were sequenced to determine the exact fusion positions. Even after the analysis of fusion clones generated by the nested deletion method, the topological arrangement of certain regions of the GltS remained uncertain. To resolve these regions, both LacZ and PhoA fusions were constructed at R92, R273 and D334 positions preceding the predicted 4., 9. and 11. TMSs, respectively. A LacZ fusion was also generated at V170, a position in the middle of the predicted 6. TMS, marked by a weak TnphoA fusion. Furthermore, PhoA fusions were created at the positions of W144 and A161 by the replacement of the LacZ reporter.
The positions and activities of the fusions are summarized in Tables 1 and 2 and in Fig. 1 .
Immunodetection of fusion proteins
It was observed that different fusions of both reporters showed varied levels of degradation (Fig. 2.) . The GltS-PhoA fusions proved to be more stable than the GltS-LacZ fusions. Overall, the intensities of the GltS-PhoA bands detected in Western blotting experiments were in good correlation with the measured PhoA activities, in agreement with the principle of topology probing with PhoA fusions. Although the intensities of GltS-PhoA bands were reduced after the 10. predicted TMS (K391, I398, A400), all these fusions could be detected by loading a higher amount of total protein on the gel or with a prolonged exposition time. In spite of the weaker signals detected in Western blotting, these fusions produced high PhoA activities. The difficulties observed with these fusions close to the C-terminus of the GltS were probably caused by the presence of most of the highly hydrophobic GltS sequence.
Similar to previous reports (Georgiou et al., 1988; Gott & Boos, 1988; van Geest & Lolkema, 2000; Blank & Donnenberg, 2001 ), more difficulties were encountered with the detection of the GltS-LacZ fusions in Western blotting experiments. In several cases, the band corresponding to the intact fusion protein was very weak and mostly only its (Rost et al., 1996) (TM1 8-25, TM2 39-56, TM3 66-83, TM4 94-115, TM5 120-137, TM6 159-177, TM7 219-237, TM8 243-260, TM9 279-297, TM10 307-324, TM11 339-356, TM12 373-392) . N, N terminus; C, C terminus. U LacZ , b-galactosidase activity; U PhoA , alkaline phosphatase activity. The marks in the horizontal bar designate the position of every 20. residue. degradation products were detected. Only 18 intact GltS-LacZ fusions could be detected out of the 30. A band with the mobility of b-galactosidase was observed in all lanes, probably corresponding to proteolytically processed LacZ. Such an instability has been reported in other topology studies as well (van Geest & Lolkema, 2000) . It is important to note that the LacZ enzymatic activities do not seem to correlate with the amount of the detected degradation products. Despite the difficulties in detecting the intact GltS-LacZ fusion proteins, the measured LacZ activities complement the data obtained with PhoA fusions well.
The topology model of the GltS
The sequence of GltS was analyzed by most of the membrane topology prediction methods (TMAP, DAS, SOSUI, MEM-SAT, TOPPRED2, PHDhtm, TMPRED, HMMTOP, TMHMM, Prodiv-TMHMM, TMHMM2 and the KyteDoolitle method). The available tools indicated various numbers (9-12) of predicted TMSs in the GltS. We wanted to set out from the maximum number of TMSs; thus, the presence of 12 TMS was postulated. The positions and activities of the LacZ and PhoA fusions are summarized in Tables 1 and 2 . Figure 1 shows the 12 TMSs predicted by PHDhtm (Rost et al., 1996) on the horizontal axis, whereas the measured LacZ and PhoA activities are shown at their respective positions as vertical bars.
The first TMS is marked by two contrary reporter activities. The LacZ fusion at A12 has the highest b-galactosidase activity among all clones; the PhoA fusion at T14 has an intermediate activity. However, these fusion clones only contain a heavily truncated remnant of the first predicted TMS. Therefore, it is assumed that the LacZ fusion at A12 probably encodes a soluble b-galactosidase derivative. The intermediate activity of the PhoA fusion at T14 suggests that the shortened hydrophobic segment is able to act like a signal sequence due to the detachment of the following positively charged residues. Thus, it is suggested that the N-terminal hydrophobic segment is a real TMS. In the nearby downstream PhoA fusion (K22), an arginine and a lysine residue is already present, and its alkaline phosphatase activity is much weaker. Together with the high LacZ activity at Y33, the results support the cytoplasmic localization of the first hydrophilic loop and the N-terminus-out orientation of the first predicted TMS. This is in good agreement with the positive inside rule (von Heijne, 1986; von Heijne & Gavel, 1988) . There is an aspartate residue close to the N-terminus, whereas the first TMS is followed by an arginine and three lysine residues.
The PhoA and LacZ reporters gave fairly consistent complementary results throughout the whole protein sequence, except for the loop between TMS 3 and 4. Despite the low activities of the LacZ fusions in this loop, it is probably located on the cytoplasmic side. It is supported by its vast positive net charge (the sequence is R 88 AGGR 92 ) and the minimal, close-to-background activity of the PhoA fusion at position R92. In a very similar motif (RXGRR) of the Glut1 glucose transporter (also highly conserved in the MSF family), the positive charges were found to be critical cytoplasmic anchor points (Jessen-Marshall et al., 1995; Sato & Mueckler, 1999) . The low activity of the LacZ fusions could be attributed to the short hydrophilic linker sequence preceding the fused reporter protein, because the close proximity of the enzyme to the membrane might interfere with its function.
The loops between TMS 2-3, 4-5, 7-8, 9-10 and the C-terminal end of the GltS were clearly located on the periplasmic side. The results of this reporter fusion study suggest that the GltS possesses 10 TMSs. Interestingly, the predicted 6. and 11. TMSs do not seem to span the membrane and their positions appear to be located at the cytoplasmic side of the membrane.
The topology model of the permease based on the reporter activities is shown in Fig. 3a .
Discussion
In order to build a topology model of the GltS, a large number of PhoA and LacZ fusions have been generated by the C-terminal truncation technique. In all hydrophilic loop regions, at least two fusions were created. The applied method was successfully used in a large number of previous topology studies, but it has some described drawbacks as well (van Geest & Lolkema, 2000) . In the present experiments, several irregularly behaving fusion proteins were observed.
At the beginning of the first predicted TMS, the LacZ fusion at A12 has an unexpectedly high b-galactosidase activity. Such an artifact was found with membrane proteins Fig. 3 . Topology models of the GltS and the probable models of the pore-loop region in fusions at A161. The PHDhtm predicted TMSs are shown in gray . N, N terminus; C, C terminus. '1', arginine or lysine residue; ' À ', aspartate or glutamate residue. The approximate position of the amino acid residues highlighted in the text is shown. (a) The topology model based on the reporter fusion results. (b) The topology model by Dobrowolski et al. (2007) , (c) the amino acid sequence of the assumed pore-loop region. The broken lines show the descendant-TM (dTM) segment. (d) Probable models of the pore-loop region in fusions at A161. Without the predicted TMS6, the hydrophobic amino acid sequence followed by charged residues can form a TMS (dTM) in the reporter fusions at A161.
whose N-termini face the periplasm (Haardt & Bremer, 1996; van Geest & Lolkema, 2000) . The fusion protein in these cases is thought to remain in the cytoplasm due to the shortness or lack of the TMS (van Geest & Lolkema, 2000) . In the first TMS, a moderately active PhoA fusion (at T14) was also obtained, but the following PhoA fusion (at K22) in which two positively charged residues are already present showed substantially reduced activity. The importance of positive residues was apparent in the case of other fusions as well. A more explicit impact can be noticed at the PhoA fusions present in and around the 10. predicted TMS. Although a gradual decrease of the activities was measured as the length of the remaining 10. predicted TMS increases, the fusion at the end of the segment (W326) still provided a fairly high activity. The next PhoA fusion at D334, which already contains an arginine and a lysine, has a close-to background activity. The reason for the high activity of the preceding fusions (at W326, A318 and T314) is probably the detachment of the following positively charged residues functioning as topogenic signals.
In the rest of the protein, the reporter fusions provided consistent results; the b-galactosidase activities well complemented the PhoA results. Based on the present experimental data, a seemingly correct topology model of the GltS could be created (Fig. 3a) .
The GltS was previously found to be similar to the 2HCT protein family suggested by hydropathy profile analysis. It was classified into the ST [3] MemGen class and the presence of 10 TMSs was proposed (Lolkema & Slotboom, 2003) . In a recent article, experimental support was presented for the principally identical fold of GltS and the 2HCT protein family members (Dobrowolski et al., 2007) . The latter MemGen-model (Fig.  3b ) and the present reporter fusion-based topology model (Fig. 3a) are mostly consistent. In both cases, the N-and Ctermini are located in the periplasm, and 10 TMSs span the membrane. However, the positions of the predicted TMS5 and 6 are completely different. An experimentally unverified poreloop or reentrant loop was suggested within this region by the MemGen classification system, which partly consists of the predicted TMS5, and the vertex of the loop is thought to be the conserved sequence motif GGXG (Sobczak & Lolkema, 2005) . In contrast to this, the present results suggest that the predicted TMS5 (Vb region in 2HCT family) is a real TMS, while TMS6 does not seem to span the membrane (Fig. 1) . The low PhoA and large LacZ activity at A161 strongly indicate the cytoplasmic localization of the beginning of TMS6. Dobrowolski et al. (2007) created four single-Cys mutants (S117C, D122C, S145C and T155C) in the TMS 5-6 region for cysteine accessibility experiments. Two of them, S117C and S145C, were excluded from the study because of their restricted labeling by the membrane impermeable AMdiS from both sides of the membrane. In the case of the remaining two mutants (D122C, T155C), the Cys residues could be labeled by AMdiS in whole cells showing accessibility from the periplasmic space. D122 can be accessible from the periplasmic space according to both topology models, but the two different methods led to contrary localization of the T155-A161 region ( Fig. 3a and b) .
The possible cause for the divergent outcome can be the applied reporter fusion technique itself. Owing to the smallest possible modification, the single cysteine mutants most probably adopt the correct membrane protein structure. In contrast, the structure of the C-terminally truncated protein depends on the reporter, the location of the fusion point and the remaining protein sequences (van Geest & Lolkema, 2000) . The reporter can deform the truncated protein, especially when important downstream topology signals are essential for a certain region to form its native structure.
The authors' opinion is that the amino acid composition and the charge distribution around the predicted TMS5 (possible pore-loop region) (Fig. 3c) can support the formation of an ingoing TM segment (descendant-TMS, dTMS) in the absence of the highly hydrophobic TMS 6 (Fig. 3d) . This quite hydrophobic but natively non-TM sequence can give a misleading cytoplasmic localization for the reporters between the predicted TMS5 and 6 (Figs 1 and  3d) . The fusions in the region provide confirmative results to this hypothesis (Fig. 1) . In the fusion clones at A161, the presence of the charged residues after the dTMS can stabilize the reporters at the cytoplasmic side. Without these charged residues, fusions at W144 show higher PhoA and slightly lower LacZ activity than fusions at A161. An even more pronounced decrease of the LacZ activity was observed at G136, as the segment is further shortened until the probable vertex of the pore-loop, indicating a more indefinite localization of the LacZ. The possible formation of a TMS without TMS6 is supported by the results of van Geest et al. (1999) . It was demonstrated that the predicted poreloop region of CitS (Vb region; corresponding to the 122-146 fragment of GltS) is able to function as a signal anchor sequence in ER membranes, although it proved to be a weak stop transfer sequence affected by the sequence context.
In the study by Dobrowolski et al. (2007) , the presence of a second reentrant loop at the predicted TMS11 was experimentally confirmed. In this case, the present experimental data are compatible with the latter observation. In fact, the local minimum activity of LacZ fusion at F345 may refer to an outgoing fusion point (Fig. 1) .
Conclusions
The results presented in this paper directly confirm the MemGen-model for the majority of the GltS, but indications for a seemingly different orientation of the predicted TMS5-6 sequence were found. However, the reporter fusion results fit the hypothesis that a structurally sensitive pore-loop is present, which cannot maintain its native fold without the following highly hydrophobic 6. TMS. Based on these considerations, it is concluded that the MemGen-model correctly describes the topology of the GltS.
The authors like to highlight the fact, that without the cysteine accessibility data at T155, it is very easy to misinterpret the respective fusion results. It is believed that the C-terminal truncation approach is a useful method, although in the presence of potentially sensitive structures (e.g. pore-loops), it is strongly recommended to verify the observations with a less destructive technique.
